Abstract Tuberculosis (TB) granulomas are compact, organized agglomerations of infected and uninfected macrophages, T cells, neutrophils, and other immune cells. Within the granuloma, several unique metabolic adaptations occur to modify the behavior of immune cells, potentially favoring bacterial persistence balanced with protection against immunopathology. These include the induction of arginase-1 in macrophages to temper nitric oxide (NO) production and block T cell proliferation, inhibition of oxygen-requiring NO production in hypoxic regions, and induction of tryptophandegrading enzymes that modify T cell proliferation and function. The spatial and time-dependent organization of granulomas further influences immunometabolism, for example through lactate production by activated macrophages, which can induce arginase-1. Although complex, the metabolic changes in and around TB granulomas can be potentially modified by host-directed therapies. While elimination of the TB bacilli is often the goal of any anti-TB therapy, hostdirected approaches must also account for the possibility of immunopathologic damage to the lung.
Introduction
Tuberculosis (TB) is the leading cause of lethality initiated by a single bacterial pathogen and remains an ongoing public health problem. The causative bacillus, Mycobacterium tuberculosis, has adapted to its primary host-us-by limiting severe pathology for the majority of its host's life. Most TB researchers conclude active disease is a means to transmit to the next individual. Even though ∼one third of the global population is infected with M. tuberculosis, few individuals develop active TB, while the other infected 90 % carry a latent infection for the majority of their lives. In rare instances where the immune system is systemically weakened, a faster transition from initial infection to active disease is observed. This type of TB infection includes newborns and infants, elderly, those who are co-infected with immune-debilitating infections (such as HIV), and people with primary immunodeficiencies. Primary immunodeficiencies in people have been instrumental in the search for key regulators of human immunity, and many of these genes were discovered on the basis of aberrant responses to immunization against M. tuberculosis via administration of the widely used Mycobacterium bovis bacillus Calmette-Guérin (BCG) live vaccine strain [1] . However, a fundamental question in TB research concerns what happens in otherwise healthy individuals to limit the pathology of TB infection at the expense of complete bacterial elimination.
Following inhalation of M. tuberculosis, cells of the immune system immediately try to contain and kill the pathogen. Instead of sterilizing immunity, infected cells-typically recruited macrophages from the blood monocyte pool-are unable to completely eliminate the bacillus, and an accumulation of host cells forms an organized granuloma that is thought to contain the infection [2] . Therefore, in immune competent individuals, living bacilli remain within granulomas. Clinical sterility is considered attained following lengthy courses of antibiotic treatment that can last from 6 months to 2 years depending on the sensitivity of the particular strain of TB, although data suggests M. tuberculosis continues to persist in many treated patients even when declared sputum negative and clinically Bcured^ [3, 4] .
What is it about the granuloma that not only limits escape of the pathogen but also inhibits a fully effective immune response against M. tuberculosis? Is the immune system dampened to reduce tissue pathology of the host but at the same time allowing bacterial survival? Is the granuloma beneficial to the host, the pathogen, or both? A more controversial question stemming from the latter concerns possible benefits of latent infections to the host. In this scenario, persisting bacilli within granulomas could help prevent a worse consequence, such as super-infection with more dangerous mycobacteria or other organisms. Such speculation is difficult to dissect because M. tuberculosis is a homotropic pathogen, and animal models have limited usefulness for studying an infection that persists for years to decades (discussed briefly below and extensively in other reviews in this series).
Understanding the interface between M. tuberculosis and our immune system is expected to lead to host-directed therapeutic strategies (i.e., host-directed therapy, HDT) that can be used in combination with proven anti-mycobacterials [5] . One central host pathway required for immunity in general is the acquisition of nutrients needed to sustain macrophage and T cell activation [6] . Thus, Bimmunometabolism^is a new area to investigate the interplay between TB, the granuloma, and the ongoing immune recognition of bacilli. Here, we review key data concerning the host-dependent nutritional regulation occurring within and surrounding the TB granuloma.
Nutrients and the granuloma
M. tuberculosis is thought to initially infect lung macrophages within the alveoli, leading to the recruitment of other inflammatory myeloid cells from the blood, dominated by monocyte-derived inflammatory macrophages but also neutrophils and dendritic cells [7] . During the first weeks of infection, the bacilli remain within macrophage phagosomes and at the population level are resistant to anti-microbial mechanisms. A delayed adaptive response ensues, which promotes the mature granuloma structure [8] . Granulomas contain a central core of infected macrophages, surrounded by uninfected macrophages and other recruited myeloid cells, with a cusp of newly recruited lymphocytes present to assist in mycobacterial elimination. As most TB-infected people maintain a bacterial burden for decades, the granulomatous response is inefficient at attaining sterility. Over time, the granuloma matures, resulting in a caseous core of dead and dying macrophages and numerous extracellular M. tuberculosis bacilli, which alter their lifestyle to reside within this low oxygen (hypoxic) and diminished nutrient microenvironment (Fig. 1) . Important work using PET imaging with glucose tracers has further established granulomas are dynamic within a given lung and can change size and divide [9, 10] .
Three areas of nutrient acquisition within the TB granuloma have recently been focused on (1) amino acid restriction and utilization, (2) the responses regulating hypoxia and oxygen supply, and (3) altered cellular respiration within immune cells (Fig. 1) . Host metabolic pathways involved in granuloma immunometabolism are not mutually exclusive and form a complex and elastic network that contributes to multiple aspects of the immune response to TB across time and space within the lung. Diverse experimental models have been developed to study these and other issues concerning the immune response upon mycobacterial infection, ranging from retrospective and necropsy analysis in the infected human population to infection studies in lower mammals and invertebrates. Each of these models has benefits and drawbacks, which are summarized in Table 1 and described in detail in other reviews in this issue. The combination of TB models has provided an evolving picture of the immune response to M. tuberculosis, both within and outside of structured granulomas.
Local amino acid availability and the host response: procuring L-arginine and L-tryptophan Amino acids serve as the building blocks of proteins, so their importance in immune activity requiring cell division, cytokine and chemokine production, and other de novo protein synthesis requirements is self-evident. In addition to this process, some amino acids, or their downstream metabolites, have been implicated as direct anti-microbial agents [26] . Furthermore, their regulation can serve as growth regulators via amino acid sequestration. Metabolism of two amino acids, Larginine and L-tryptophan, has dominated discussion of amino acid metabolism in TB patients and in animal models of this disease.
L-arginine metabolism In mammals, L-arginine is a semiessential amino acid. In healthy adults, L-arginine is synthesized in the kidneys and acquired during protein catabolism. By contrast, in infants, individuals with traumatic stress (e.g., surgery), and in chronic infections (including TB, as discussed below), systemic L-arginine amounts are insufficient and must be acquired externally [27] . In homeostasis, L-arginine has two key biochemical functions: protein biosynthesis and as an intermediate in the liver urea cycle. In the latter, metabolism of L-arginine and the other metabolites in this cycle serve as a nitrogen transfer mechanism for removal of toxic ammonia in the form of non-toxic urea, which is disposed as waste in urine. Deficiency in any one of the urea cycle enzymes results in ammonia toxicity, which can be fatal unless controlled by dietary protein restriction [28] .
In immune responses, L-arginine has distinct functions. In activated myeloid cells, metabolism of L-arginine occurs by two principal pathways (in addition to protein biosynthesis requirements): inducible nitric oxide synthase (iNOS)-mediated production of nitric oxide (NO) or arginase-mediated production of L-ornithine (Fig. 2a) . In TB infections, L-arginine metabolism in activated myeloid cells is decisive in the outcome of the infection.
Production of NO from L-arginine iNOS is one of three NO synthase enzymes and the major isoform involved in immune function. iNOS is inducible in immune cells, especially activated macrophages, as part of the anti-microbial pathway [29] . In the mouse, iNOS is upregulated at the mRNA and protein level by interferon gamma (IFN-γ) and pathogen product signaling through Toll-like receptors. Expression of iNOS results in high output of NO, which has potent mycobactericidal properties [30] . Indeed, mice with a genetic deficiency in Nos2 (encodes iNOS) are susceptible to infection with virulent M. tuberculosis and avirulent M. bovis BCG [31, 32] as discussed in depth [30, 33] .
Reduction of NO production by competition for L-arginine
A central discovery about L-arginine immunometabolism in TB was that mycobacteria-infected macrophages express arginase-1 (Arg1). This cytosolic enzyme that metabolizes L-arginine (Fig. 2a) is found in macrophages within TB-infected tissue in mice, non-human primates, and humans [18, [34] [35] [36] . A second arginase, called Arg2, performs the exact same enzymatic reaction as Arg1, but much less is understood about Arg2, and mice lacking Arg2 have a minimal phenotype [37] . Nevertheless, researchers should always consider the contributions of Arg2, especially in enzyme assays that read out the reaction products of arginase activity. Previous work had closely tied Arg1 expression to M2-like macrophages that do not make NO and are linked with wound healing and tissue repair. For instance, early proponents of macrophage phenotyping concluded Arg1 and iNOS expression marked diametrically opposite functions of macrophages, an idea we now know to be false [38] [39] [40] . In the case of TB infection, Arg1 expression in macrophages has two vital roles. First, Arg1 limits NO output when macrophages coincidently express Arg1 and iNOS. As both enzymes consume L-arginine, less NO is made by activated macrophages. We created conditional Arg1-deficient mice and infected them with M. tuberculosis. Macrophages from these mice produced more NO and displayed enhanced bacilli clearance from the lungs as compared to controls [41] . Second, Arg1 depletes local L-arginine, which deprives Regulation of L-arginine metabolizing enzymes in TB Understanding the how, when, and where of gene and protein expression is a key tool in inferring the functions of immunometabolic enzymes. However, a fundamental problem in translating macrophage gene expression findings from mouse to humans lies in the cell types used. Mouse macrophages are easily isolated from tissues and grown in culture from bone marrow progenitors. By contrast, the vast majority of human macrophages and related cells are produced from blood monocytes. As the yield of mouse blood monocytes is low, direct comparisons between human and mouse monocyte-generated macrophages have not been performed and have led to claims about species differences that cannot be interpreted on the basis of negative data (described below). We predict this complex scenario will be soon resolved, as the ability to analyze mouse monocyte-derived macrophages can be accomplished from single cells. Nevertheless, inferences about the expression of L-arginine-metabolizing enzymes in the human TB granuloma can be deduced from indirect evidence. iNOS transcription and translation is triggered by NF-κB and/or MAPK activity combined with IFN-γ-mediated STAT1 signaling [33] . While this pathway has been well dissected in mouse macrophages, the role of iNOS-mediated metabolism of L-arginine in human macrophages is not as straightforward. Human macrophages derived from peripheral blood monocytes make significantly less NO under similar stimulation conditions as mouse macrophages in vitro [42] . And, unlike in mouse macrophages, a direct causation of iNOS function and severity of human TB does not exist. Yet, genome-wide association studies (GWAS) link polymorphisms within NOS2 to TB [43] . In addition, numerous studies have shown the expression of iNOS and NO production in macrophage-rich areas within human TB granulomas and from macrophages removed from TB patients [34, [44] [45] [46] [47] [48] [49] . In recent years, focus has been directed at the necessity of the pattern recognition receptor, NOD2, to direct iNOS activity in human macrophages. NOD2 is ligated by muramyl dipeptide and is n e c e s s a r y f o r h u m a n m a c r o p h a g e c o n t r o l o f M. tuberculosis [50, 51] and optimal anti-TB immune responses in mycobacteria-infected mice [52, 53] . As with NOS2, NOD2 polymorphisms have also been observed in connection with TB severity [54] [55] [56] [57] . Landes et al. observed that iNOS protein and function is upregulated in a NOD2-dependent fashion in human peripheral blood monocyte-derived macrophages following in vitro M. tuberculosis infection [58] . Future work will determine if iNOS upregulated in this fashion is necessary for human macrophage-mediated defense to mycobacteria.
Understanding Arg1 expression is equally complex. Arg1 is highly upregulated following STAT6 signaling from either Th2 cytokines, IL-4 or IL-13, in mouse macrophages-a polarization phenotype of macrophages termed M2 or sometimes Balternative activation^ [59, 60] . These cytokines are likely relevant in human TB as increases in IL-4 and IL-13 [18] [19] [20] , C3Heb/FeJ mice [21] [22] [23] , BMT-humanized mice [24] , and IL-10-deficient mice on CBA/J background [25] are correlated with lung damage [61] [62] [63] . In the mouse model of TB, Heitmann et al. used IL-13 overexpressing transgenic mice and observed increased Arg1 expression correlating with mature necrotizing granuloma formation following aerosol infection with virulent M. tuberculosis H37Rv. These mice developed severe disease and died after 20 weeks of infection, whereas the control-infected mice lived at least double that time [64] . However, the lung inflammatory environment in TB is M1 polarized, rather than M2. Therefore, a striking finding was that Arg1 can also be induced in a STAT6-independent manner in mycobacteria-infected macrophages following an autocrine/paracrine production of IL-6, IL-10, and G-CSF, which activate Arg1 via STAT3-mediated cell signaling [36, 41, 65] . This pathway of Arg1 activation is intriguing because not only the mycobacteria-infected macrophages but surrounding uninfected macrophages are induced to make Arg1-setting up a perimeter of L-arginine depletion early in infection. As with iNOS, however, the exact signals necessary for arginase induction in human macrophages surrounding M. tuberculosis granulomas have yet to be identified. In humans, Arg1 is made and secreted from activated neutrophils, and Munder and colleagues have established extracellular Arg1 can deplete L-arginine and block T cell proliferation [66] . Therefore, in human TB, Arg1 may be made from different cellular sources but control the same pathways-inhibiting NO and blocking T cell proliferation.
Macrophages can make L-arginine to sustain NO production Generally, when one nutrient is necessary for essential functions, we anticipate multiple pathways exist for acquiring that nutrient. This is certainly the case for L-arginine. iNOS, inducible nitric oxide synthase; Arg, arginase; Ass1; argininosuccinate synthase; Asl, argininosuccinate lyase; IDO, indoleamine 2,3-dioxygenase; Afmid, kynurenine formamidase synthesized de novo within the cycle from precursor amino acids and then destroyed by Arg1 to create L-ornithine and urea. Interestingly, one of the amino acid intermediates in the urea cycle is L-citrulline-the by-product of iNOSmediated L-arginine metabolism. We and others have shown that in L-arginine-sufficient conditions, L-citrulline is exported from macrophages following NO synthesis [67] [68] [69] . However, once L-arginine becomes limiting in vitro, NO production is sustained by the intracellular generation of L-arginine from reimported L-citrulline (Fig. 2a) . To determine if this pathway was necessary in vivo, we generated bone marrow chimera mice containing the hematopoietic system of mice deficient in L-citrulline metabolism (Ass1 fold/fold mice) and found that these mice were less efficient at clearing either M. tuberculosis or M. bovis BCG compared to control mice [67] . It will be important to determine whether this pathway is active in human macrophages in TB granulomas. In addition, resupplying intracellular L-arginine via L-citrulline metabolism to preserve cellular function extends to T cells [70] [71] [72] ; however, the significance of this phenomenon has yet to be analyzed in human TB or in animal models of mycobacterial infection.
Does L-arginine metabolism contribute to collagen production in TB? Inhibiting NO production is only one outcome for arginase-mediated L-arginine metabolism in macrophages. Arginase activity results in urea plus L-ornithine, and downstream metabolites of L-ornithine include L-proline-a principle component of collagen [27] . Collagen is an extracellular matrix protein that is essential to granuloma formation and stability. While mycobacteria-infected macrophages produce L-ornithine, it is unlikely that they produce significant amounts of collagen because they do not express the enzyme ornithine aminotransferase (Oat), which is necessary to produce the immediate upstream precursor of L-proline called Lglutamate 5-semialdehyde [67] . We and others have demonstrated L-ornithine produced by activated macrophages is exported, similar to L-citrulline [69, 73] . Fibroblasts are the major collagen-producing cells, and these cells may utilize Lornithine expelled from macrophages with arginase activity. Indeed, a recent study using IL-13 overexpressing mice showed an increase in collagen density close to Arg1-expressing macrophages [64] . Other than this work, the specific contribution of macrophages to collagen formation via Lornithine secretion is relatively unexplored in the context of M. tuberculosis infection.
T cell proliferation in granulomas is controlled by L-arginine A second mechanism of arginase-mediated immune regulation involves the inhibition of T cell activity by L-arginine restriction. T cell proliferation and function is dependent on Larginine. Therefore, local macrophages that consume L-arginine by the iNOS and/or Arg1 pathways can deplete L-arginine in poorly perfused areas (i.e., granulomas) and limit the availability to T cells. A key clue about L-arginine consumption in immunity came from genetic-based studies in another granulomatous disease, schistosomiasis. Here, Arg1
+ macrophages deprive L-arginine from T cells recruited to worm egg antigens in the liver, reducing their ability to cause immunopathology. When Arg1 was specifically deleted in macrophages, a lethal immunopathologic T cell response was initiated [74] . In TB infections, however, separating the immune regulation of arginase from that of NO production in the context of M. tuberculosis infection is complicated by the absolute requirement for iNOS and NO. Duque-Correa et al. utilized a dermal M. tuberculosis infection model in Nos2 −/− mice, which develop mature lung granulomas similar in structure to that found in humans and non-human primates [18, 19] . In this and other models of TB in Nos2 −/− mice, Arg1 expression is increased compared to iNOS-sufficient controls [18, 75] . Combining the Nos2 −/− dermal infection model with the conditional Arg1-deficient mice mentioned above, mice doubly deficient in Arg1 and iNOS had a T cell-mediated pathology that correlated with increased granuloma number, size, and the number of necrotic granulomas. Furthermore, these mice were not able to clear M. tuberculosis as efficiently as the single Nos2 −/− mice. Therefore, Arg1 appears to serve at least two functions during mycobacterial infection: blunt NO production and limit T cell-mediated pathology. A plausible model for Arg1 function in TB is that both functions contribute to limiting host immunopathology, which is traded off with the host's need to make abundant NO to kill TB bacilli.
L-tryptophan metabolism L-tryptophan is essential because mammals do not possess the necessary enzymatic pathways for its synthesis and must acquire it from dietary or microbiota-based sources. In addition to being a building block of proteins, L-tryptophan is also a precursor for serotonin, melatonin, and niacin (vitamin B 3 ) [26, 76] . One catabolic pathway for L-tryptophan metabolism is implicated in immune responses to M. tuberculosis infection in human and animal models, and this involves the two enzymes of the indoleamine 2,3-dioxygenase class (IDO1 and IDO2). IDO enzymes perform the rate-limiting first step of L-tryptophan metabolism to L-kynurenine and are expressed in different cell types including myeloid cells (Fig. 2b) . Indeed, downstream metabolites of L-kynurenine suppress T cell proliferation, and T cell apoptosis is induced by metabolites in the L-kynurenine pathway [77] [78] [79] . A similar pathway catabolizes L-tryptophan in the liver and is mediated by L-tryptophan dioxygenase (TDO). IDO1, IDO2, and TDO therefore control L-tryptophan catabolism in different tissues. Both L-kynurenine production and local L-tryptophan depletion by IDO can be immunoregulatory. Discriminating between these two effects remains a contentious area [80] . IDO expression has been shown to inhibit T cell function and has anti-microbial properties by limiting L-tryptophan to pathogens that are possible L-tryptophan auxotrophs, including select species from the Toxoplasma and Chlamydia genera [80] . However, M. tuberculosis synthesizes L-tryptophan, so IDO-mediated L-tryptophan depletion seems unlikely to be a direct host anti-TB effector. IDO is induced in multiple cell types, including macrophages, dendritic cells, and endothelial cells. Most importantly, IDO1 is induced in response to bacterial molecules and IFN-γ co-stimulation, and IDO1 expression seems conserved between mice and humans [81] [82] [83] . In response to M. tuberculosis, macrophages express Ido1 both in vitro and in vivo [84, 85] . Recently, Suzuki et al. performed correlates of IDO activity in human TB populations, and determined IDO activity was a potential prognostic indicator of disease severity. They found L-tryptophan was decreased in the serum and pleural fluid of severe TB patients, with correlating increases in L-kynurenine concentrations [86, 87] . In a study involving M. tuberculosis in macaques, Mehra et al. found the expression of IDO was focused in regions of the granuloma that were rich in macrophages [88] . Furthermore, work performed by Ernst and colleagues described IFN-γ-triggered IDO expression in both hematopoietic and nonhematopoietic cells contributes to host immunity following M. tuberculosis infection in the mouse [89. Collectively, these data argue IDO expression is a host reaction tied to the anti-TB immune response.
How might IDO activity be affecting the protection and/or pathology associated with M. tuberculosis infection? Similar to L-arginine metabolism, T cell function is impaired when in proximity to IDO-positive cells [90, 91] . Furthermore, IDO activity correlates with the induction of regulatory T cells, which serve to reduce immune activity [92] . When IDO is inhibited using 1-methyltryptophan (1-MT), Li et al. found that T cells within the peripheral blood mononuclear cell population were rescued in their ability to produce Th1 cytokines-which were inhibited when these cells were cultured pleural fluid from TB patients [93] . In support of these studies, IDO1 has been shown to protect from T cell-mediated disruption of granulomas in a Listeria monocytogenes infection model [94] . Therefore, the role of IDO in M. tuberculosis may be solely to protect the granuloma structure once it has been formed, thereby promoting containment of the infection. To determine the role for Ido1 in M. tuberculosis infection in mice, Blumenthal et al. infected control and Ido1 −/− mice but found genetic disruption of this enzyme did not lead to any changes in mycobacterial burden or mouse survival [84] . Interpretation of the above studies has three caveats. First, 1-MT from different commercial sources, the widely used IDO inhibitor, has recently been shown to be contaminated with Ltryptophan [95] . Thus, Brescue^experiments where IDO is inhibited may reflect resupply of L-tryptophan into the experimental system. Second, the expression and function of both IDO1 and IDO2, which is also inducible in immune cells by a variety of stimuli [96] [97] [98] [99] , in a given experimental system have yet to be evaluated genetically since Ido1 and Ido2 are tightly linked preventing the efficient generation of a doubly deficient mouse. Third, our own unpublished studies have shown only a single commercially available anti-mouse IDO1 antibody (from five tested) is specific for IDO1. Taken together, the role of IDO proteins in TB or any other immunological system requires systematic re-evaluation with validated reagents. As mentioned above, M. tuberculosis can synthesize Ltryptophan, so limiting this amino acid by host IDO activity would be unlikely to inhibit mycobacterial growth. However, blocking M. tuberculosis L-tryptophan metabolism in the setting of IDO activity could prove an innovative host-directed strategy. Recent work by Zhang et al. highlighted this possibility [100] . In their model, they infected control mice or mice lacking CD4 + T cells (H2-Ab
, which cannot produce MHC class II molecules) with a collection of M. tuberculosis transposon mutants to determine what mutants survived when the protective (i.e., IFN-γ-producing) CD4
+ T cell population was absent as compared to those surviving in immune competent mice. M. tuberculosis mutants that were auxotrophic for Ltryptophan survived in mice lacking CD4 + T cells but did not survive in control mice. Therefore, the presence of CD4 + T cells creates an environment forcing M. tuberculosis to synthesize its own L-tryptophan. Then, Zhang et al. showed inhibiting bacterial L-tryptophan synthesis with 2-amino-6-fluorobenzoic acid (6-FABA) in synergy with IFN-γ treatment blocked mycobacterial growth in vitro. Mice treated with 6-FABA (and the ester derivative of 6-FABA, which was less toxic in mice) showed improved M. tuberculosis clearance in the lung and spleen following aerosol infection in vivo [87] . Since mammals do not synthesize L-tryptophan, manipulating this pathway therapeutically could be considered in the ongoing fight against TB.
Hypoxia-induced stress: coping with oxygen tension
One of the more common features of mature granulomas in TB patients is the necrotic core [13] . The core is hypoxic, and the host has numerous mechanisms to provide oxygen to tissues when low oxygen tension is detected. From the host perspective, one might expect forcing hypoxia onto a pathogen would serve some protection; however, mycobacteria survive in this harsh environment. One possible reason for bacterial proliferation in and around the hypoxic core is that key anti-microbial host functions require oxygen for their construction, including reactive oxygen species (ROS), and NO production: if there is no oxygen then iNOS cannot make NO from L-arginine. Furthermore, lack of mature vasculature within hypoxic microenvironment limits delivery of other nutrients to the granuloma, including those mentioned in this review so far, but also delivery of potential anti-mycobacterial drugs. Below we discuss some of the consequences of hypoxia within TB granulomas, how this alters metabolic programming, and how these events may regulate protection and/or pathology associated with disease.
Reactive oxygen and nitrogen species Many myeloid cells, including neutrophils and macrophages, produce ROS following appropriate upstream signaling, including pattern recognition receptor ligation and phagocytosis [101] . These signals trigger the formation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (aka, phagocyte oxidase), which converts atmospheric oxygen (O 2 ) within a maturing phagosome to the free radical superoxide, which is then transformed to hydrogen peroxide via superoxide dismutase (Fig. 3a) . Hydrogen peroxide is then further converted to microbicidal molecules, including hypochlorite and hypobromite ions. In addition, NO (see Fig. 2a ) can react with superoxide to form cytotoxic peroxynitrite (Fig. 3a) , demonstrating the combination of immune mechanisms for antimicrobial purposes. Recent work has attempted to address the source of ROS and the relative contribution of these species to host defense and tissue pathology. In a zebrafish model of TB, using Mycobacterium marinum as a model pathogen, Yang et al. analyzed the contribution of ROS from neutrophils recruited to granulomas [102] . They found that neutrophils were recruited via signals from dying M. marinum-infected macrophages. Some of the recruited neutrophils phagocytosed the dying macrophages and killed the contained M. marinum. This occurred in a ROS-dependent fashion as NADPH oxidase-deficient zebrafish displayed a reduced capacity to kill internalized mycobacteria. It may be that macrophages cannot produce ROS and kill M. marinum due to hypoxia within the granuloma and rely on newly recruited neutrophils with a fresh supply of O 2 to generate ROS and provide the killing mechanisms macrophages were unable to do. This may also be a mechanism to prevent tissue pathology, as ROS have been shown to damage M. tuberculosis-infected tissue [103] .
Although the previous model downplays the importance for ROS generation in macrophages, others have shown the role of NADPH oxidase in macrophages is vital. Using mouse models of chronic granulomatous disease (CGD, loss of NADPH function) and a high dose intravenous M. bovis BCG infection, Deffert et al. described a critical role for macrophage ROS production that could not be compensated by production of these species by neutrophils [104] . The authors selectively rescued ROS production in macrophages in Ncf1 −/ − mice (human CD68-driven wild-type Ncf1, encoding the p47 phox subunit of NADPH oxidase), but not in neutrophils, and saw that the rescued mice were protected from BCGinduced weight loss and death observed in the CGD control mice, even though bacterial clearance was not drastically altered. The authors also analyzed iNOS and NO production but found little difference between all infected groups and hypothesized that the production of NO alone may not deliver sufficient mycobactericidal activity without the development of peroxynitrite from ROS production. Regardless, the presence of macrophage ROS production leads to an overall increase in activated phagocyte clustering and development of compact granulomas. The data on ROS in TB correlate with unusual human mutants defective in macrophage ROS production. Bustamante et al. discovered a small number of people with germline mutations in CYBB (encoding the p91 phox subunit of the NADPH oxidase). Even though these individuals had a defective neutrophil respiratory burst, the disease phenotype was manifested in monocyte-derived macrophages rather than neutrophils [105] .
Glycolysis and cellular respiration Inflammation and involvement of many metabolically active cells during different stages of TB infection have provided a unique opportunity to track granuloma dynamics by whole body imaging. Activated M1 macrophages (and other cells in and around the granuloma such as actively dividing T cells) have high glycolytic activity and thus import large amounts of glucose for glycolytic, or Warburg-type, metabolism (Fig. 3b) . Exploiting computed tomography (CT) in combination with positron emission tomography (PET) scanning with the use of traceable glucose (18F-fluorodeoxyglucose, FDG), researchers have been able to image granulomas in live patients and animals (referred to as FDG PET/CT) [106, 107] . Furthermore, depending on the amount of FDG uptake within a granuloma, a correlation between whether the lesion is active or latent can be inferred [108] . Using this technology on macaques infected with a low dose of virulent M. tuberculosis, Coleman et al. found a correlation between the number of FDG + granulomas that formed early following infection and the likelihood of developing active disease [108] . That is, the more FDG + granulomas one has early during infection, they are more likely to develop active, versus latent, disease later in life. PET scanning will also be useful in demonstrating responses to antibiotics as Via et al. saw granuloma size and FDG activity decrease following anti-TB therapy with either rifampin or isoniazid in rabbits [109] .
PET imaging, however, does not differentiate glucose uptake from the type of glycolysis or cellular respiration initiated. Different glycolytic endpoints exist whether cells are in hypoxic, or normoxic, conditions. To determine how cells are metabolizing glucose during M. tuberculosis infection in the guinea pig, Somashekar et al. performed high resolution magnetic angle spinning nuclear magnetic resonance (HRMAS NMR) and detected increases in lactate (lactic acid) elevating as disease progressed in the lungs of infected animals [110] . They suggested lactate detection could represent anaerobic glycolysis, which would be likely as mature granulomas would demand low oxygen metabolism (Fig. 3b) . Alternatively, the authors suggested the increase in lactate could be from metabolism due to the Warburg effect, generally observed in cancer cells [111] . In this case, briefly, lactate is released from cells following glycolysis, when cells are in aerobic conditions. Higher relative amounts of lactate have also been detected in the serum of M. tuberculosis and M. bovis-infected cattle, and in the lung, spleen, and liver of M. tuberculosis-infected mice using metabolic profiling, suggesting at least that lactate release (irrespective of anaerobic glycolysis versus Warburg effect) is common in mycobacteria infection across species [112, 113] . In addition to lactate indicating an increase in glycolysis, it also has an important link back to amino acid metabolism. Lactate induces a macrophage phenotype characterized by increased Arg1 activity [114] , which we hypothesize would further dampen NO production. Hypoxia also increases arginase expression in some systems [115] [116] [117] , and thus a key anti-microbial effector-NO-takes a Bdouble hit^in the substructures of granulomas where it is needed the most; the high hypoxia, high lactate environment is oxygen limited and L-arginine limited by Arg1. Further work on the spatial segregation of the different cells expressing iNOS, Arg1, and IDO correlated with hypoxia, and T cells will be an important step in determining the evolution of granuloma structure and how these dynamic processes harm or help the host versus bacteria.
Conclusions
Over the past decade, a wealth of new knowledge has emerged about TB granuloma structure and dynamics. In addition, new ideas about positive and negative roles of granulomas have been proposed and investigated using human and everincreasing sophistication of animal modeling. Nevertheless, many questions remain about the host response to TB and how it can be manipulated to reduce the global health burden of TB. From our perspective on the immunology and immunometabolic events in granulomas, we can identify three key questions for the field. These are (i) what is the nature and function of the differential spatial organization of immune cells within the granuloma and how does the expression of the different anti-TB enzyme systems change? Answering this question will require better reagents to track key enzymes, application of reporters coupled to the expression of key genes (e.g., GFP, mCherry) crossed into the newer generation mouse models where granulomas adopt more features of human TB lesions, and an appreciation of the dynamic elasticity of granuloma architecture within the lung of the same host. A second question (ii) concerns how host-directed therapy can be used to manipulate the outcome on TB when combined with anti-TB drugs. Although there have been exciting advances in this area, the potential for immunopathology needs to be accounted for. For example, increasing the output of NO (for example, with an arginase inhibitor) may greatly enhance the efficacy of TB drugs but at the same time cause NO-mediated host damage. A third (iii) question concerns granulomaspecific metabolic effects on T cells. As T cells are essential to constrain TB, understanding the influence of local metabolic cues on TB-specific T cells trafficking between granuloma and draining lymph nodes will be imperative. For example, we have already detailed the key role of arginine depletion on blocking the genesis of an immunopathologic T cell response. However, the effects of L-tryptophan depletion and Lkynurenines, glycolysis and glucose, and hypoxia on an efficient T cell response remain largely unexplored. For example, activated CD4 + T cells require glycolysis for IFN-γ production [118] . How can this finding be translated into evaluation of the T cell response within a granuloma?
